Abstract: Evaluation of flooded lead-acid, Valve Regulated Lead-Acid (VRLA), and advanced batteries is being performed in the power sources testing labs at Sandia National Laboratories (SNL). These independent, objective tests using computer-controlled testers capable of simulating application-specific test regimes provide critical data for the assessment of the status of these technologies.
Introduction
The Energy Storage Systems (ESS) Research and Development Program, managed and funded by the U.S. Department of Energy (DOE), develops and evaluates electrical storage technologies for utility, industrial, and renewables applications. Sandia National Laboratories (SNL) , as a DOE laboratory, conducts the ESS Program in cooperation with industry partners such as Energetics, Inc. As part of its technical mission in support of the ESS Program, SNL performs in-house battery evaluation of improved and advanced storage components to characterize prototype and development units. These evaluations are performed by utilizing specialized and unique facilities established at SNL over many years of program activities involving numerous battery technologies.
Evaluation of flooded lead-acid, Valve Regulated LeadAcid (VRLA), and advanced batteries is being performed in the power sources testing labs at Sandia National Laboratories (SNL). These independent, objective tests using computer-controlled testers capable of simulating application-specific test regimes provide critical data for the assessment of the status of these technologies. Several different charge/discharge cycling regimes are performed. Constant current and constant power discharge tests are conducted to verify capacity and measure degradation. A utility test is imposed on some units which consists of partial depths of discharge (pulsed constant power) cycles simulating a frequency regulation operating mode, with a periodic complete discharge simulating a ispinning reserve test. This test profile was developed and scaled based on operating information from the Puerto Rico Electric Power Authority (PREPA) 20 MW battery energy storage system [l] . Another test conducted at SNL is a photovoltaic battery life cycle test, which is a partial depth of discharge test (constant current) with infrequent complete recharges that simulates the operation of renewable energy systems [2] . This test profile provides renewable system designers with critical battery performance data representative of field conditions. Two Company A VRLA Absorbed Glass Mat (AGM) batteries (company names will not be disclosed), This paper will provide results from these and other tests in progress at the time of the conference. Additional life cycle tests will be performed prior to the conference and some degradation information may be available at that time.
VRLA Battery Testing for Utility Applications
The lead-acid battery has been in existence for over 100 years and is used in a wide variety of energy and power storage applications, including engine starting, propulsion power, backup and standby power systems, and power conditioning applications. The widespread use of the lead-acid couple is the result of its good electrical performance under a wide range of conditions, relatively low cost of materials and components, and familiar and generally "user-friendly" characteristics. The great majority of experience in use has been with flooded-electrolyte lead-acid batteries, which have the disadvantage of requiring relatively frequent maintenance. This disadvantage can be overcome by the use of valve-regulated lead-acid (VRLA) technology. However, uncertainty about lifetime and reliability of the VRLA battery is a primary concern. Another concern is the cost of initial investment in large-scale systems such as utility applications.
A test cycle that simulates utility energy storage (UES) operations of frequency regulation and spinning reserve has been devised and is based on the Puerto Rico utility battery system operation. The first part of the cycle is composed of several sessions of constant power pulses of frequency regulation separated by intermediate charges. These are followed by a spinning reserve deep discharge and then a refreshing charge that brings the battery back to 100% state of charge (SOC). Although the battery starts out at 100% SOC, it operates between 70 and 90 % SOC for most of the frequency regulation part of the test cycle. During the spinning reserve discharge, the first half is spent at constant power, and then the power ramps down to zero during the second half of the discharge. This test regime was implemented on several batteries being developed by the ESS Program for utility applications.
Company A Batteries A cost-shared contract was established in 1991 between Sandia and Company A to improve the performance and x 4 -m -312 -reduce the cost of VRLA batteries for utility applications. The approach was to pursue changes in battery design, improve materials and manufacturing processes, and to develop conceptual battery system designs and economic models for utility applications. Prototype deliverables were sent to SNL during the development project for evaluation to determine the status of the design improvements.
The first task in the program focused on engineering improvements to an existing Company A product, Battery No. 1, marketed for telecommunications and other standby applications.
The engineering improvements concentrated on vent valve reliability, positive plate growth (a consequence of anodic corrosion of the positive grid structure, a normal wearout mechanism), thermal management (more difficult in VRLA batteries than flooded electrolyte types because of reduced heat capacity and conduction, and a significant factor in battery lifetime), and ground fault elimination. Long-term life and characterization testing is being performed on Battery model No. 1 at SNL. As the development project progressed, an improved design was attained in 1993 and was subsequently issued as a commercially available product, Battery No. 2.
Battery No. 2 design was expected to provide a significant improvement in performance at all discharge rates. A No. 2 battery was delivered to Sandia for testing.
Battery No. 1 Test Results
Testing of the No.1 deliverable is ongoing with a total cycle count of 113. Due to tester problems, this battery was on open circuit from April 5, 1996 , to November 5, 1996 . Following the stand, several equalization cycles were performed. An equalization charge to 115% overcharge was attempted, but only 103% was achieved. A second equalization cycle to 120% was successful. Cycling was again resumed using the normal "E' charge parameters shown in Table 1 .
The capacity of the battery gradually rose, but sometimes the charge was stopped by a hightemperature alarm. Figure 1 is capacity plot showing amp-hours removed and amp-hours returned for Cycles 95 through 113.
Battery No. 2 Test Results
The first test objective was to confirm the electrical performance ratings under various constant current loads. Tests were made at C/8 (150 A), C/2 (428 A), and CA8 (74 A), which initially confirmed that Battery No. 2 performed as rated, but a trend of declining capacity with successive cycling was noted. This led to several studies aimed at determining a recharge regime that would be suitable for utility energy storage applications in terms of both completion time and discharge capacity stability. These charge regimes are shown in Table 1 . Regime A was the initial routine, and 
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Ops" siIc.J*fcfEs h a m be- In general, the faster constant-current charges result in more capacity degradation than charge regimes that finish with a constant voltage and tapering current. The trade-off, however, is that the tapering current charge required nearly twice the time to complete.
Testing of Battery No. 2 continued with cycles performed to evaluate its capability to meet a defined frequency regulatiodspinning reserve utility cycle. The results of the frequency regulation subcycles are summarized in Table 2 . Charge/discharge cycles were performed on the string to determine capacities at various discharge rates. Cycling is as summarized in Figure 2 . The charge regimes used are defined in Table 3 . Testing is planned to continue until the battery reaches 80% of rated capacity.
Lead-Acid Battery Testing for Photovoltaic Applications
In addition to the testing of VRLA batteries intended primarily for utility applications, Sandia is testing batteries for photovoltaic and other renewable energy applications. The battery cycling scheme is based on available PV array power, user system load, and PV system control restraints. Array and user load are simulated by laboratory electronic power supplies and electronic loads. PV control restraints are ensured by laboratory data acquisition equipment. PV cycling consists of shallow discharges followed by a partial recharge thus simulating a PV day. This process is repeated several times until the battery reaches a minimum voltage called the low voltage disconnect, roughly equal to a 50% battery state-of-charge (SOC). At this point the battery is fully recharged to 120% of its discharged capacity and PV cycling is resumed. This process is repeated until the battery is unable to provide an adequate number of PV cycles.
Company C VRLA Gel Batteries Company C sent four sealed gel VRLA batteries to Sandia to be tested to confirm the electrical performance ratings, to evaluate the batteries' ability to meet Company C's customer requirements, and to determine the service life of the batteries. The life cycle test procedure was appropriate to a PV application, and is shown in the test re:gime below. The electrical characteristics of the four batteries are shown in Table 4 . Battery temperatures (Ciase) and capacities are shown in Figures 3-6. In the early cycles, through about cycle 80, depending on the battery, the test facility experienced temperature fluctuations associated with variations in the measured capacity. For the later testing, the batteries were moved to a laboratory in wlhich the temperature is better controlled. The batteries have shown an expected gradual decline in capacity. Table 5 . The batteries were then placed on test. Typical PV cycles are shown in Figure 7 for the 65 Ah battery and Figure 8 for the 100 Ah battery. 
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Six PV days (12 days for the 100 Ah battery) of partial discharging and recharging drove the batteries capacity below the low voltage cutoff point. The PV controller then disconnected all loads until the battery was fully recharged to 120% of removed capacity, and the PV cycling was resumed. References Acknowledgment This work was funded by the U.S. Department of Energy.
After approximately 125 cycles (slightly different for each [ 13 P. C . Butler, "Utility Battery Storage Systems battery) the batteries were checked for capacity with the Program Report for FY95", SAND96-0532, March, results shown in Table 6 , and testing was resumed. The 1996. cycling of the 40 and the 65 Ah batteries was recently terminated, while the cycling of the 100 Ah battery P. C. Butler, "Energy Storage Systems Program continues.
Report for FY96", SAND97-1136, April, 1997.
[2]
All the batteries required additional deionized water during the cycling. This maintenance will be particularly important in the tropical environment in which the batteries will operate.
Conclusions
Testing of improved lead-acid batteries for utility and photovoltaic applications is in progress at SNL. Over 100 constant current full discharge cycles have been performed on Company B's battery to date and capacity is stable. Several lead-acid designs have been tested successfully for photovoltaic applications. Stable capacities were achieved for flooded and VRLA technologies under partial depth of discharge conditions. Life testing will continue until pre-defined failure conditions are reached.
